analysis and cytophotometrical measurement of DNA content of nucleus were carried out in six species of Lycoris.
INTRODUCTION
Genus Lycoris, which is native to China, Korea and Japan consists of about fifteen species. Nishiyama (1928) first reported the somatic chromosome number in the genus, 22 for L. sanguinea and 33 for L, radiata, and pointed out that the latter is an autotriploid.
On the basis of morphological and karyotypic studies and geographical distribution of eight species in the genus, Inariyama (1931 Inariyama ( , 1932 Inariyama ( , 1951 proposed a hypothesis that each of V-shaped chromosomes was formed through centromeric fusion of two rod chromosomes, so called Robertsonian change, and showed phylogenetical species relationships in the genus (Fig. 1) . Takemura (1961 Takemura ( , 1962 followed up Inariyama's scheme of species relationship and confirmed it by comparative cytology and morphology between genuine species and artificial hybrids of the assumed ancestral species.
It has been confirmed by Takemura (1961) that some of the V-shaped chro- mosomes in L, squamigera were a little greater in length than sum of the two longest rod chromosomes. Koyama's observation of pachytene configuration in L. albiflora also confirmed this (Koyama 1967) .
Dr. H. Kihara, Head of the Kihara Institute for Biological Research, Yokohama, suggested us that Robertsonian change might be not merely physical fusion of centromeres involved, but accompanied by some unknown functional alteration of genetic system. Thus, in order to work out Robertsonian change (or fusion) and assumed genetic alterations concomitant to it, the present authors carried out karyotype analysis and cytophotometrical determination of nuclear DNA content in six species of Lycoyis. The results obtained will be presented and discussed here in relation to Robertsonian law and phylogenetical species relationship in Lycoyis.
MATERIALS AND METHODS
Materials used in the present study are listed in Table 1 . Out of these six, five species were provided by Dr. M. Koyama, Doshisha Women's College, Kyoto. The remaining one, L, sprengeri was given by Mr. Kawabata, Tenri-shi, Nara-ken.
Root tips were pretreated in ice-water for one day, fixed in fresh Farmer's fixative, stained with aceto-carmine and then squashed. In each species five mitotic metaphase plates were microphotographed and chromosome length was measured by means of scale drawing.
Nuclei of the epidermal cells of the inner side of the scale of the bulbs were subjected to Feulgen cytophotometry of DNA content of nucleus. In order to minimize the experimental error, small pieces of epidermis of all species to be measured were processed together, that is, fixed in Farmer's fixative for one week, transferred through descending series to 75% ethanol, and then stored in a refrigerator until use. After immersion in cold N HCl (ca. 4°C) for five minutes, materials were hydrolyzed with N HCl at 60°C for ten minutes, washed in tap water, stained with buffered Schiff's reagent for three hours, immersed in potassium pyrosulfite solution two times for fifteen minutes each, washed in tap water again for fifteen minutes and dehydrated in absolute ethanol two times for fifteen minutes each. Finally the tiny pieces of stained epidermis, one for each species were aligned on every slide glasses and sealed with Euparal.
RESULTS

Karyotype analysis
Mitotic metaphase chromosomes of six species of Lycoris studied here are shown in Fig. 2 . Karyotypic properties seem to be consistent with the earlier workers (Inariyama 1951 (Inariyama a, b, 1953 . L. yadiata pumila and L. sprengeri had 22 rod (acrocentric) chromosomes.
The complement of L. yadiata consisted of 33 rod chromosomes. The other species, L, albifiora, L. aurea and L. squamigera had not only rod chromosomes but also V-shaped chromosomes.
It is recognized that the rod chromosomes varied from one another in length, and that the arm length of any one V-shaped chromosome was not less than that of the rod chromosome.
L. albiflora had twelve rods and five V's, among which the longest rod chromosome was distinguishable, having a conspicuous secondary constriction near the centromere.
L, aurea had four rods and nine V's. In this species rod chromosomes were considerably longer and less contracted than in other species.
L. squamigera which had 21 rods and six V's carried red chromosomes similar to those of L, aurea.
As can be seen in Fig. 2 there was a rather continuous variation in length of both rod and V-shaped chromosomes.
Length of the shortest and the longest ones of rod and V-shaped chromosomes was listed for each species in Table 1 . The extent of variation among the chromosomes within each species is expressed in term of mean factor of the longest chromosome to the shortest.
In three species having only rod chromosomes, L. radiata pumila, L. sprengeri and L. radiata, mean factors were ca. 1.44, 1.45 and 1.48, respectively.
In L. albiflora which has twelve rods and five V's, the mean factor of rod chromosomes was 1.77, and 1.35 in the case that the longest rod chromosome was out of consideration.
The shortest and the longest V-shaped chromosome were 3.03 and 3.54 times as long as the shortest rod chromosome, respectively. Rod chromosomes of L, aurea were, as pointed out earlier, considerably longer than other species.
L. albi flora is species derived from a hybrid between L. radiata pumila and L. aurea (Inariyama 1951 a, b; Takemura 1961) . Then the rod chromosomes of L. arbi f lora have come from both parents and all the V-shaped ones from L. aurea. The shortest rod chromosome of L. albi flora (7.34 pm) was nearly equal to that of pumila (7.16 pm), suggesting that it is from pumila, but not from aurea. While both the shortest (22.24 pm) and the longest (25.98 pm) of five V-shaped chromosomes were considerably smaller than those of aurea (25.24 pm, 30.18 pm).
Total chromosome length of each species is also shown in Table 1 . Statistical analysis revealed that six species studied here could be divided into two groups of three according to total chromosome length.
The one includes L. aurea, L. radiata and L. squamigera, while the other L. radiata pumila, L. sprengeri and L. albiflora. The former is significantly greater than the latter in total chromosome length. It should be noticed that L. aurea, in spite of its diploid nature, belongs to the longer group together with triploid species, L. radiata and L. squamigera.
DNA content of nucleus
The results of cytophotometry of nuclear DNA content are represented in the rightmost column of Table 1 in terms of relative DNA value and standard deviation. The highest value (424) measured in L. radiata was 1.68 times as much as the lowest value (253) in L. radiata pumila.
Statistical analysis revealed that there were highly significant differences in two sources of variation, namely between species and between slides ( Table 2 ), and that differences between any two species are significant.
Out of four species which have 22 chromosome arms in the complement, L, aurea (404) was greater in DNA value than L. albiflora (365), and L. sprengeri (285) DNA values were plotted against total chromosome length in Fig. 3 . Correlation coefficient between these two measures was calculated as 0.88. Regression of DNA value to total chromosome length was highly significant, indicating that DNA content of nucleus varies depending on total chromosome length.
DISCUSSION
Several studies covering a wide range of species have proved close proportionality between relative DNA content of nucleus and total chromosome length or nuclear volume (Rothfels et al. 1966; Rees et al. 1966; Dowrick and ElBayoumi 1969; Bullen and Rees 1972; Cheng and Grant 1973) . The present study reveals that Lycoyis is no exception to this proportionality. As far as six species of Lycoyis studied here were concerned, there was little, if any, heterochromatin body in nucleus, and this presumably means that there is little variation in degree of chromatin coiling along the whole length of chromatin thread.
Then, variation in DNA content of nucleus in Lycoyis is attributable almost entirely to variation of chromosome length, namely to duplication or deletion of the small chromosome segment as in the case of Lollium (Rees and Jones 1967) and Allium (Jones and Rees 1968) .
It is interesting to consider variation in DNA value and total chromosome length in relation to karyotype polymorphism in species of Lycoyis with 22 chromosome arms. As evident from Table 1 the increasing order of total chromosome length and DNA value is as follows; yadiata pumila (22R) =sprengeri (22R) <albiflora (5V +12R) <aurea (9V+4R). This apparently shows that these two values increase with the increasing number of V-shaped chromosomes.
Though Inariyama (1951 a, b) considered V-shaped chromosomes as resulted from simple centromeric fusion of two particular rod chromosomes, measurement of chromosome length by Takemura (1961) showed that five V's out of six in L. squamigera were greater in length than sum of the two longest rod chromosomes in the complement. In addition, Koyama (1967) presented pachytene chromosome configuration of L, albiflora, demonstrating that V-shaped chromosome, each arm of which synapsed with the respective homologous rod chromosome, had the very short unpaired segments on both sides of its centromere.
The similar pachytene configuration to this was shown by Jackson (1965) in Haplopappus gracilis, where the submetacentric chromosomes were considered as resulted from fusion of two acrocentric chromosomes.
These findings in Lycoyis and Haplopappus substantiate existence of small extra segments proper to the V-shaped chromosomes on both sides of the centromere, to which increase of either DNA content of nucleus and total chromosome length with the increasing number of V-shaped chromosomes may be attributable. On the occasion of formation of V-shaped chromosomes, lengthwise duplication of chromosome segment would be accompanied.
Several cases were reported where karyotype changes had been attributable to Robertsonian change in plants and animals (Cave and Bradley 1943; Jones 1974; Bruere et al. 1974; John and Freeman 1975; Jones 1977) , and possible modes of whole arm fusion (or fission) were discussed.
In the every reported modes of Robertsonian change, the loss of more or less chromosome material is assumed to occur. At present it is not known what process has been involved in formation of V-shaped chromosomes which have the extra segments on both sides of the centromere.
In most reported cases the metacentric chromosome was considered as resulted from fusion of two acrocentric chromosomes, but no direct evidence was presented for that. The same is also the case with Lycoyis. Inconsistently with Inariyama, Kurita (1978) considered that karyotype alteration in Lycoyis was through centromeric breakage of the V-shaped chromosome into rod chromosomes.
It would be worthwhile to compare DNA content of nucleus and total chromosome length among related species. Because L. yadiata, after Nishiyama (1928) and Inariyama's scheme of phylogenetical relationship, is an autotriploid derivative of L. yadiata pumila, 3 (yadiata) to 2 (yadiata pumila) ratio would be expected with respect to the above mentioned two properties. The actual measure, however, did not prove this; L, radiata is considerably greater than the expected, or contrarily L. radiata pumila smaller than the expected.
From this point of view, L. sprengeri is rather probable as a diploid ancestor of L. radita. This assumption, however, may encounter serious difficulties, because L. radiata pumila and L. radiata belong to subgenus Lycoris, while L, sprengeri to subgenus Symmanthus. Takemura (1961 Takemura ( , 1962 confirmed consistently with Inariyama (1951 a, b) that L. squamigera occurred from a hybrid between L, sprengeri and L. straminea, and L, albi flora from a hybrid between L. aurea and L. radiata pumila.
Based on these species relationships, DNA content of nucleus and total chromosome length of L, straminea, though not actually measured, could be estimated to be as much as 240, and as long as 236 pm, respectively, and the estimated values for L. albi flora are 329 and 248 pm in contrast to the actual measures, 365 and 228 pm, respectively, which are rather in agreement with the expected.
Inariyama (1951 a, b) showed four kinds of basic karyotype in Lycoris, that is, 11R, 3V+5R, 4V+3R and 5V+1R, on which his hypothesis of phylogenetical species relationship was mostly constructed, and all species in this genus carry one or two kinds of basic karyotype.
In L, albi flora, Koyama (1967) confirmed that the proportion of gametes carrying the basic karyotypes was well correspondent to the ratio of good pollen (pollen fertility).
This seems to mean that the basic karyotypes constitute the well balanced chromosome complements.
With intention of estimating DNA content of nucleus and total chromosome length for each of four basic karyotypes, the calculated values were obtained from the actual measures shown in Table 1 by means of the method of least Table 3 . Estimated DNA values (arbitrary unit) and total chromosome length (pm) for four basic karyotypes and their combination found in species of Lycoris squares. As described earlier, there were some variations in length of the V-shaped as well as rod chromosomes.
So the above calculation may only give the average value, but provides some clue for discussing species relationship.
From Table 3 it is apparent that mean DNA content and mean chromosome length of the V-shaped chromosomes nearly three times as much, and as long as those of the rod chromosomes, respectively; that is consistent with the earlier considerations that the V-shaped chromosomes have the extra chromosome segment.
With respect to DNA content of nucleus of six species studied here the actual measures are greater than the calculated values in L. sprengeri, L. auyea, L. albi flora and L, radiata, on the other hand with respect to total chromosome length they are greater in L. sprengeri, L, auyea and L. radiata.
These species except L, sprengeri are placed in subgenus Lycoris, while L, sprengeri is in subgenus Symmanthus together with L. squamigera.
The present study reveals considerable increase of chromosome length and DNA content of the V-shaped chromosome, which are attributable to the small segment of chromosome on both sides of the centromere, that seems to occur at the occasion of formation of the V-shaped chromosome. Whole picture of species relationship of the genus Lycoris will be considered elsewhere.
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